Solid tumors are characterized by a plethora of epigenetic changes. In particular, patterns methylation of cytosines at the 5-position (5mC) in the context of CpGs are frequently altered in tumors. Recent evidence suggests that 5mC can get converted to 5-hydroxylmethylcytosine (5hmC) in an enzymatic process involving ten eleven translocation (TET) protein family members, and this process appears to be important in facilitating plasticity of cytosine methylation. Here we evaluated the global levels of 5hmC using a validated immunohistochemical staining method in a large series of clear cell renal cell carcinoma (n = 111), urothelial cell carcinoma (n = 55) and testicular germ cell tumors (n = 84) and matched adjacent benign tissues. Whereas tumor-adjacent benign tissues were mostly characterized by high levels of 5hmC, renal cell carcinoma and urothelial cell carcinoma showed dramatically reduced staining for 5hmC. 5hmC levels were low in both primary tumors and metastases of clear cell renal cell carcinoma and showed no association with disease outcomes. In normal testis, robust 5hmC staining was only observed in stroma and Sertoli cells. Seminoma showed greatly reduced 5hmC immunolabeling, whereas differentiated teratoma, embryonal and yolk sack tumors exhibited high 5hmC levels. The substantial tumor specific loss of 5hmC, particularly in clear cell renal cell carcinoma and urothelial cell carcinoma, suggests that alterations in pathways involved in establishing and maintaining 5hmC levels might be very common in cancer and could potentially be exploited for diagnosis and treatment.
Introduction
Epigenetic alterations are amongst the most common changes in human malignancies. [1] [2] [3] [4] In particular changes in the pattern of cytosine methylation have been extensively studied in numerous cancer types and show favorable properties as disease biomarkers. [1, 4, 5] Methylation of the C5-position of cytosines (5mC) within a CpG context, in particular in regions of high CpG density (CpG islands), is often associated with transcriptional repression. In general, in many solid tumors, the global levels of 5mC show a decrease whereas methylation marks are gained in particular sites of the genome establishing stable and heritable alterations that can contribute to cancer progression. [2, 3] Despite the stability of these marks, there is evidence for ongoing epigenetic plasticity and clonal selection in solid tumors. [6] [7] [8] A particularly intriguing potential mechanism for dynamic alterations in the 5mC genomic content is the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC). 5hmC was first characterized in bacteriophages and was later also detected in mammalian genomes. [9] More recently, the observation that 5mC can become oxidized in a highly directed manner to 5hmC by the ten eleven translocation protein family (TET1-3) has spurred increased interest in 5hmC biology. [10] [11] [12] [13] Importantly, it was shown that 5hmC can be further metabolized by TET enzymes to 5-formylcytosine and 5-carboxycytosine, which can subsequently be removed from the genome by base excision repair or decarboxylation. [14, 15] Therefore, on one hand the oxidation of 5mC to 5hmC represents an intriguing pathway for epigenetic plasticity. On the other hand it is important to note that many tissues accumulate high levels of 5hmC, exceeding thresholds that would be expected from a simple intermediate, suggesting that 5hmC could be an independent epigenetic mark with unique signaling properties. The potential signal transduction mechanisms of 5hmC have not been fully elucidated; however distribution pattern of 5hmC in mammalian genomes suggest a role of 5hmC for transcriptional regulation, since 5hmC marks have been shown to be most prevalent at upstream regulatory gene regions. [12, 16, 17] Our group has recently developed a robust immunohistochemical staining protocol that enables the in situ evaluation of global 5hmC levels on a cell-by-cell basis. [18] Intriguingly, global 5hmC have been shown to be tightly correlated with differentiation in normal hierarchically organized tissues, in which tissue stem cell compartments show very low levels of 5hmC whereas differentiated cells are characterized by high levels of 5hmC. In addition, global levels of 5hmC have been shown to be profoundly decreased in solid tumors. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Given this demonstrated cancer-specific loss of 5hmC, robust antibody based detection systems could be used as a diagnostic aid in multiple malignancies. To evaluate the distribution and cancer specific loss of 5hmC in urological malignancies, we stained a large series of urothelial cell carcinoma of the bladder, renal cell carcinoma and testicular germ cell tumors and correlated staining results with histopathologcial parameters and clinical outcome data.
Materials and Methods

Ethics Statement
Tumor and adjacent normal tissue samples were obtained from the archives of the Johns Hopkins Hospital Department of Pathology following appropriate institutional review board approval. No informed consent (verbal or written) was obtained from the retrospective tissue specimens. The research ethics committee waived the requirement for informed consent for samples included in the tissue microarrays. The patient data was anonymized prior to use in the study.
for confirmation of the original diagnosis in accordance with the American Joint Committee on Cancer Classification, 7 th Edition 2010. Using a previously described procedure [28] , 4 sets of tissue microarrays (TMA) were constructed: the first contained 70 selected samples of primary CCRCC treated by either partial [39] or radical nephrectomy [31] 
Immunohistochemistry and Immunofluorescence Staining
Immunolabeling of 5hmC was performed as described previously. [18] In brief, 5 micron paraffin sections were de-waxed and rehydrated following standard protocols. Antigen retrieval consisted of steaming for 30 min in citrate buffer (pH 6.0) followed by incubation in 3.5 N HCl for 15 min at room temperature. For immunolabeling of 5hmC, a rabbit polyclonal 5 hydroxymethylcytosine specific antibody (Active Motif, Cat # 39769, Carlsbad, CA) was applied at 1:20,000 dilution for 1 h at room temperature. DNMT1 staining was performed using previously published protocols [29] . Immuncomplexes were detected using the PowerVision+™ immunohistochemistry detection system from ImmunoVision Technologies (Norwell, MA, USA) with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) as the chromogen. For double immunofluorescence labeling of 5hmC and ki67 pretreatment conditions were identical to chromogenic staining. 5hmC and ki67 (Zymo Research) antibodies were used at 1:6000 and 1:100 dilutions respectively. Immuncomplexes were visualized with Alexa 488 nm anti-rabbit and Alexa 565 nm anti-mouse (Life Technologies, Grand Island, NY) secondary antibodies. After nuclear counterstaining with DAPI, slides were cover slipped with Prolong (Life Technologies). All slides were imaged on a Nikon 50i epifluorescence microscope. Immunofluorescence images were captured using a CoolsnapEZ digital camera (Photometrics, Tucson, AZ) and the Nikon NIS-Elements (Nikon, Melville, NY) software package.
Scoring System
For each case, positive immunoreactivity was first evaluated in adjacent normal tissue. Only cores that showed robust immunostaining in adjacent benign stromal cell nuclei were evaluated. Uniformly, immunoreactivity was restricted to the nucleus. To evaluate not only the percentage of positive cells but also the staining intensity in the positive cells, we employed an Hscore system, which was assigned to each TMA spot as the sum of the products of intensity of staining (0 for negative, 1 for weakly positive, 2 for moderately positive and 3 for strongly positive) by the extent of immunoexpression (0-100), obtaining a value from 0 to 300 (representative case and corresponding H-scores are shown in S1 Fig) . Final H-scores for each case were obtained as the average of all the individual H-scores of each TMA spot, and these were subsequently used in statistical analyses.
Statistical Analysis
Association between variables were evaluated using the Mann-Whitney U/Kruskal-Wallis test and the Fisher's exact test. For statistical analysis 5hmC expression was categorized in low and high levels using the upper tertile as the cutoff point. Hazard ratios for predicting overall mortality, cancer-related mortality, metastatic disease, and tumor progression were estimated using Cox's proportional hazards regression. Hazard ratios were also adjusted by clinicopathologic features. Correlation between biomarker levels were estimated using the Spearman rank correlation test (rho coefficient). A 2-tailed P < 0.05 was required for statistical significance. Data were analyzed using R Version 3.1.1 "Sock it to Me" (R Foundation for Statistical Computing, Vienna, Austria).
Results
To evaluate the global levels of 5hmC in a broad spectrum of urological malignancies, we used a previously validated immunohistochemical staining protocol and determined global 5hmC levels in a representative cohort of urothelial cell carcinoma of the bladder (UC) (n = 55), clear cell renal cell carcinoma (CCRCC, primary carcinoma n = 70, metastases n = 41) and testicular germ cell tumors (TGCT, n = 84) and adjacent benign tissues. Normal urothelium showed robust nuclear immunolabeling for 5hmC. As shown previously, cells in the basal cell layer showed reduced 5hmC staining (Fig 1A) . [18] The staining distribution of 5hmC showed no direct association with cell proliferation as measured by ki67 staining (S2 Fig, S6 Fig, S10 Fig) . Consistently, strong nuclear staining was also observed in associated stromal cell nuclei. Invasive carcinoma (n = 55) showed overall greatly reduced 5hmC levels (mean = 107 and mean = 30 for normal urothelium and UC respectively, P < 0.0001, Fig 1B and 1C) . No difference was observed between superficial and invasive 5hmC levels were not associated with stage (P = 0.19). There was a trend, albeit not statistically significant for tumors with higher 5hmC H-scores to show lower incidence of lymph node metastases (0% vs 24%, P = 0.17). However, Cox-proportional hazard regression models failed to show a prognostic significance of 5hmC levels in unadjusted or adjusted models for predicting overall mortality (HR = 1.2, P = 0.62 and HR = 0.98, P = 0.96, respectively) and cancer-related mortality (HR = 1.5, P = 0.48; HR = 0.69, P = 0.59, respectively) (S1 Table and S4 Fig) .
Normal kidney showed nuclear 5hmC in all cell types with strong staining in tubules and glomeruli (Fig 2A) . Primary CCRCC (n = 70) showed reduced 5hmC levels in the cancer cell nuclei (mean H-scores 168 and 60 for normal kidney and CCRCC respectively, P < 0.0001; Fig  2B and 2C) . Tumor associated stroma cells showed robust staining (Fig 2B) . Higher grade lesions showed lower 5hmC levels ( S6 Fig) and a trend towards higher stage tumors was observed in lesions with lower 5hmC H-scores (P = 0.08). Similar to primary CCRCC (mean = 60), distant renal cell carcinoma metastases showed reduced 5hmC levels (mean = 74), significantly different from normal epithelium (mean = 168, P < 0.0001) (Fig 2C,  S6 Fig) . There was no difference in 5hmC levels between primary and metastatic CCRCC (P = 0.21). Furthermore, in the limited number of patients that showed tumor progression during the observation period, no statistically significant association between tumor 5hmC levels and mortality was observed (HR = 0.48, P = 0.39) (S2 Table and S7 Fig) . Interestingly, 5hmC levels were positively correlated with p27, PTEN and HIF expression levels (rho = 0.42, P = 0.0001; rho = 0.33, P < 0.0001; and rho = 0.63, P < 0.0001, respectively) determined in a previous study published from our group (S8 Fig). [30] Across different tumor types, no correlation between 5hmC and DNMT1 levels was observed ( S8 Fig) .
Normal testis showed low levels of nuclear staining in spermatogonia and differentiated spermatids. Sertoli cells and stromal cells outside of the seminiferous tubules showed strong immunoreactivity for 5hmC (Fig 3A) . Note that intratubular neoplastic cells (ITGCN) were characterized by absence of 5hmC staining (Fig 3B, arrows) . Seminoma showed uniformly greatly reduced nuclear 5hmC staining (mean: 30) (Fig 3C) . Teratoma, in particular mature areas showed very high levels of 5hmC (mean: 93), whereas yolk sack tumors and embryonal carcinoma showed intermediate median staining intensities with wide distribution ranges (mean: 78 and 53, respectively) ( Fig 3G) .
Discussion
The recent discovery of enzymes that can convert 5mC to 5hmC has greatly broadened our understanding about the complexities of epigenetic regulation. [10, 12] Importantly, in contrast to global 5mC levels it was demonstrated that levels of 5hmC vary significantly in different cell states. [11, 18, 31, 32] Tissue stem cells and cells in the proliferating cell compartment, in both hierarchically organized epithelia and in the hematopoietic system were characterized by overall low levels of global 5hmC. [18, 19] Terminally differentiated cells on the other hand showed high levels of 5hmC in almost all cell lineages evaluated thus far. [18, 33] These observations suggest that 5hmC is tightly linked to cellular differentiation. Interestingly, it was also noted that most solid tumors are characterized by a profound global loss of 5hmC with striking differences between invasive carcinoma and adjacent normal tissue. [18, 20, 21] Previous studies have evaluated several tumor types including breast, prostate and colon carcinoma, but no detailed information on the levels of 5hmC in urological malignancies including CCRCC, UC and TGCT is available. Given the potential of 5hmC as a highly tumor specific marker, we evaluated 5hmC levels in a representative cohort of urological malignancies.
We found that both UC and CCRCC showed greatly reduced 5hmC levels compared to adjacent benign tissues, suggesting that the tumor specific loss of 5hmC could eventually be of diagnostic utility if further validated. It is however worth noting that the degree of loss in both tumor entities was not strongly correlated with grade or stage and showed no association with prognosis. This is in contrast to previous observations in malignant glioma and melanoma, where 5hmC levels were negatively correlated with tumor grade and showed prognostic significance. [19, 23] It is however worth noting that the present study was not adequately powered to detect small prognostic differences based on 5hmC levels, since the number of progression and disease specific death events were overall low. Despite the profound global loss of 5hmC in both CCRCC and UC, a certain level of staining heterogeneity with low level staining in a subset of cancer cell nuclei (Figs 1 and 2 ) was noted within individual tumor lesions. This heterogeneity would argue against a passive loss of 5hmC and would more likely suggest that other processes maintaining 5hmC integrity are disrupted in neoplastic cell.
An intriguing explanation for the global loss of 5hmC in neoplastic cells is the functional perturbation of TET enzyme. TET1-3 are involved in oxidation of 5mC to 5hmC and have been shown to be corrupted in tumors on multiple levels. For instance, mutations in TET2 have been observed in numerous malignancies [34] , expression level of TET enzymes are greatly reduced in some cancers [35] , oncometabolites (such as 2-hydroxyglutarate) can result in inhibition of TET function, [36] and cytoplasmic sequestration of TET enzymes can result in decreased locally active enzyme levels. [37] In particular the presence of 2-hydroxyglutarate could be relevant in renal cell carcinoma, since a recent study demonstrated that 2-hydroxyglutarate is present at high abundance in a subset of RCC and is associated with lower global 5hmC levels. [38] In addition, other enzymes involved in the metabolism of 5hmC can be altered in cancer. For instance, DNMTs (in particular DNMT3A and DNMT3B), which can potentially convert 5hmC to C, are frequently overexpressed in cancer. [39] It is worth noting that in this study we did not observe an association between DNMT1 and 5hmC levels, suggesting that either a transient imbalance in DNMT1 expression can lead to cancer specific 5hmC loss or, more likely additional enzymes involved in 5hmC metabolism are altered. For instance, Thymine DNA Glycosylase (TDG), which can deaminate 5hmC and therefore contribute to the reduction of the 5hmC pool, is also dysregulated in cancer cells. Given the complex biology of 5hmC and associated epigenetic changes it remains to be shown if changes in 5hmC itself as an instructive epigenetic mark or rather other cellular perturbation that lead to passive genome wide loss of 5hmC contribute to the malignant phenotype.
It is noteworthy that changes in 5hmC levels were restricted to neoplastic cells while tumor associated stroma as well as adjacent histologically benign tissue showed robustly high 5hmC levels. This contrast in 5hmC staining levels between neoplastic and non-neoplastic tissue suggests that 5hmC could be of potential utility as a cancer detection biomarker. Importantly, both invasive as well as superficial UC show similar 5hmC levels, suggesting that loss of 5hmC could be an early event during carcinogenesis. Furthermore, 5hmC levels in metastases from CCRCC and UC were similar to the primary tumor, further supporting that changes in 5hmC levels likely occur in the early phases of neoplastic transformation and do not change significantly during tumor dissemination.
Interestingly a positive correlation between p27, PTEN and 5hmC was observed, indicating that in cells that are proficient of the endogenous Akt and CDK inhibitor PTEN and p27 5hmC levels are high. This correlative observation provides evidence for link between PI3K signaling and 5hmC biology and suggests that cells undergoing cell cycle arrest (high p27) show higher 5hmC levels. Furthermore, HIF1-α levels were also correlated with 5hmC possibly implying that changes in the HIF1 signaling axis could be involved in epigenetic regulation. [40] This finding could also be interpreted as an indicator of the complex relationship between oxygen tension and 5hmC biology. In this context it is worth noting that molecular oxygen, together with alpha-ketoglutarate is required for the oxidation of 5mC to 5hmC by the tet-protein family.
TGCTs showed a broad spectrum of 5hmC levels. Whereas seminoma exhibited very low levels of 5hmC, mature teratoma showed robust staining for 5hmC, recapitulating the staining pattern observed in normal differentiated tissue equivalents. More generally, stem cells in the proliferating cell compartment of the gastrointestinal tract and hematopoietic system show low levels of 5hmC. This could suggest that in some tissue types proliferation and lack of adequate maintenance of 5hmC could result in a passive loss of 5hmC over time. [41, 42] It is worth noting that in the present study, we did not find a strong correlation between 5hmC levels and cell proliferation, as measured by ki67 co-immunolabeling. Interestingly, global 5hmC content decreases rapidly as cells from normal tissue adapt to cell culture [43] . On the other hand, normal epithelial cell lines can be reconverted to showing high levels of 5hmC by allowing them to differentiate in 3D culture systems [44] , suggesting that despite active proliferation, 5hmC can be maintained at high levels in the appropriate cellular context. These findings suggest that differentiation even in the background of oncogenically transformed cells is associated with increased 5hmC levels. The low level of 5hmC in seminoma is in line with previous observations suggesting that during spermatogenesis 5hmC decreases while 5mC remains constant. [26, 29] In general seminomas share characteristics of primordial germ cells, whereas embryonal carcinoma are considered the malignant counterpart of embryonal stem cells. This difference in the cell of origin, with different epigenetic states, might explain some of the differences in 5hmC levels observed here. Along these lines, the low levels of 5hmC may reflect the very low levels of 5mC previously observed in seminomas. Furthermore, in agreement with previous observations, we also found that ITGCN cells showed low levels of 5hmC. [26, 45] In conclusion, this study establishes that global 5hmC levels are greatly reduced in the majority of urological malignancies. This is important from both a basic biology but also clinical diagnostic perspective. The uniform loss of 5hmC suggests a unique mechanism for 5hmC maintenance that is corrupted in neoplastic cells of different cell lineages. Ongoing mechanistic studies, as well a detailed genome wide mapping efforts will help shed more light on 5hmC disease biology. [36, 38, 46] From a diagnostic standpoint, additional detailed studies are needed to address the usefulness of this biomarker. Table. (PDF) S2 Table. (PDF)
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